Abstract Fifty-nine ionsopheric radio occultation observations of the vertical electron density profile in the Saturn ionosphere have been made since the Cassini spacecraft was inserted in orbit around Saturn in 2004. Significant orbit to orbit variations were observed, but the general trend noted in earlier orbits, namely, increasing electron densities with increasing latitude was reconfirmed and bolstered with this extended data base. This trend is likely to be due to some combination of increasing ionization rates and decreasing water influx with latitude.
Introduction
Our current, very limited, understanding of the ionosphere of Saturn is based on a few electron density profiles from Pioneer, Voyager, and Cassini radio occultation profiles. Saturn electrostatic discharge (SED) observations from Voyager and Cassini missions provide an indication of the diurnal variation of the peak electron densities [cf. Moore et al., 2012] . A number of models of the structure and composition of the ionosphere have been published to date, which have provided some context to these observations [e.g., Majeed and McConnell, 1996; Moses and Bass, 2000; Moore et al., 2010] . In this paper we present the results from 59 ionospheric radio occultations obtained by the Cassini Radio Science System (RSS) from orbital insertion to 2013. These observations include the ones presented by Nagy et al. [2006] and Kliore et al. [2009] . There are only a very few occultation opportunities left (only one more is planned before the end of the Cassini mission in 2017), so it seems appropriate to present all the available results and discuss what was learned so far about Saturn's ionosphere from these occultations. Radio occultation observations of ionospheric electron densities is a well-established and classical technique, which has been widely used during the last 50 years [cf. Kliore et al., 1980; Lindal et al., 1985] . Nagy et al. [2006] described in quite some detail the Cassini data acquisition and analysis approach being used, so it will not be repeated and discussed here. Table 1 lists the 59 ionospheric radio occultations obtained since the Saturn orbit insertion of the Cassini spacecraft. The N and X symbols next to the orbit number denote entry and exit observations. The second column, listed as peak altitude, indicates the kronographic altitude of the electron density peak relative to the 1 bar pressure level in the atmosphere. Column 8 gives the Earth-Probe-Sun (EPS) angle. It is desirable that this angle be relatively large in order to keep the radio propagation path as far as possible from the solar plasma and hence keep the noise level in the signal low. The "ionopause height" given in column 9 is the altitude at which the electron density drops to below 200 cm
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. Column 10 gives the total vertical electron content (TEC). Finally, column 11 shows if the ionosphere probed was magnetically connected to a specific ring or gap. Figure 1a shows the peak electron densities as a function of absolute latitude of all the 59 occultations. As can be seen, there is a great deal of variability from orbit to orbit, but the general trend of increasing peak densities with increasing latitudes is quite clear. Another way to see the general trend is shown in Figure 1b , which shows the vertical total electron content (TEC) for each observation, and Figure 1c , in which the observed behavior of the ionopause height with latitude is displayed. Finally, Figure 1d shows the altitude of the main peak, which also drops toward the equatorial latitudes. Figure 2 shows a surface fit of all electron density data as a function of latitude and altitude. This plot was generated by fitting all data points from all of the observations (some 60,000 in number) with a bivariate fifth degree Chebyshev polynomial surface using Systat 
Discussion
The more limited database, presented in Nagy et al. [2006] and Kliore et al. [2009] , already indicated that the observed electron densities increase, in general, with latitude. This general trend is reconfirmed here where we present the results from 59 ionospheric occultations. The original idea to explain this trend was that ionization sources (e.g., plasma precipitation) may be increasing with latitude and thus be responsible for this observed variation . This explanation may still hold, but there are no relevant observations to confirm or reject this idea. However, an alternate and/or supplemental explanation may be that ion loss processes are greater near the equator. Water is very efficient in turning the long-lived atomic ion, H + , into a molecular ion that can rapidly dissociatively recombine and thus lead to lower electron densities [Connerney and Waite, 1984] . Moore et al. [2010] successfully fitted the observed latitude variation from the early Cassini results by assuming an ad hoc, but not unreasonable, water influx into the ionosphere, which peaked at the equator at about 5 × 10 6 cm À2 s À1 and decreased with latitude. There are no In all panels, the symbols represent the averages of data from the four regions relative to the magnetic connection to the rings, namely, from left to right, "inside" the D ring (dark red), "under" the A, B, C, and D rings (dark blue), "under" the E ring (dark pink), and "beyond" the E ring (blue). The vertical error bars show the standard deviation of the average, while the horizontal ones simply demarcate the latitude range of data for each category.
relevant published results on H 2 O fluxes at Saturn to confirm or contradict these assumptions, but there are indications from the Cassini Composite Infrared Spectrometer (CIRS) data [Bjoraker et al., 2010] that while the observed stratospheric water column densities are variable, they are, in general, greater at low than at high latitudes, thus providing some credibility to this possibility. More recent water observations [Bjoraker, 2013] show that these stratospheric water column densities were increased by about a factor of 2.5 after the December 2010 storm near 40°N and stayed elevated for over a year. Unfortunately, the number of occultations available to examine these implications is extremely limited and has very little statistical strength. Nevertheless, we find that the average of the peak electron densities measured during the entry and exit occultations on 10 August 2011 (orbit 151) is 7690 cm
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, while the next three middle to high northern latitude occultations (178X, 180X, and 182X), which took place between 4 January and 25 February 2013, well after the observed increases in water abated, showed an increased peak electron density of 26,818 cm Nagy et al., 2009] indicate that H 3 + is expected to dominate up to the electron density peak. Thus, these H 3 + observations should provide a good indication of the ionospheric electron densities below the peak. As mentioned above, the presence of water, originating from the rings, is likely to lead decreased electron densities, or in other words, the observations by O' Donoghue et al. [2013] should show increased intensities at locations where the ionosphere is magnetically connected to a gap between the rings. Indeed, these measurements indicate some features along this line. Thus, we tried to see if we could find a similar signature in our data. As indicated in Table 1 , there were only two occultations corresponding to the Cassini Division, and the average observed peak electron densities of these two falls well within the spread in the 16 occultations corresponding to rings A, B, C, and D, which had highly variable peak densities. Given that our data base is not sufficiently large, especially in the regions of interest, and/or the fact that all our observations are near-terminator ones, it is still somewhat surprising that our measurements, while not contradicting, do not show support for the "ring rain" hypothesis of O'Donoghue et al. [2013] .
In summary, here we presented the results from all but one ionospheric occultation from Cassini; because of open-ring interference, there will most likely be only one other low-latitude occultation in 2016. The data presented here reconfirmed previous indications of increasing electron densities with latitude. We suggest that this trend may be a combination of increasing ionization and decreasing water inflow with latitude. The only insight we have on the ion composition comes from the models mentioned earlier, which, in general, predict that H 3 + is the dominant ion below the peak, and H + is the dominant one above the peak. There have been no self-consistent calculations of the plasma temperature for the main ionospheric region. There is some chance that the Cassini Ion Neutral Mass Spectrometer Instrument will be able to provide certain clues about these unknowns during some of the final close proximal orbits. Also, we still have no answer to the large diurnal variations in the peak electron densities indicated by the SED measurements [Moore et al., 2012] . No model has been put forward that can account for these variations. Thus, while we obtained some insights into the nature of Saturn's ionosphere, a great deal is still unknown.
